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196273US-0 CONT 

IN THE UNITED STATES PATENT & TRADEMARK OFFTfTR 
IN RE APPLICATION OF: : 

Ende SHAN, et al. : GROUP ART UNIT: 2823 

SERIAL NO.: New Rule 1.53(b) : EXAMINER: EATON 

Continuation Application 

FILED: Herewith : 

%FOR: LOW TEMPERATURE : 
METALLIZATION PROCESS 

PRELIMINARY AMENDMENT 

ASSISTANT COMMISSIONER FOR PATENTS 
^WASHINGTON, D.C. 20231 

& SIR: 

j In advance of prosecution, please amend the above-identified application as follows: 

IN THE SPECIFICATION 
page 4, line 22, replace "deposited. E.g.", with -deposited; e.g.--. 

IN THE CL ATMS 
Please amend the claims as follows: 

1. (Amended) A method of forming a layer of metal on a substrate, comprising: 
i) depositing a seed layer of the metal on a first substrate surface, said seed layer being 
sufficient to cover said first substrate surface; 



ii) depositing a second amount of metal on said seed layer at a substrate temperature and 
power[, providing] that are sufficient to (i) inhibit formation of filamentous metal phases having 
a resistivity greater than that of said metal, and (ii) provide a metal diffusion rate and a [second] 
metal deposition rate sufficient to inhibit void formation in an opening having an aspect ratio of 
at least [1.0] 2J}; and 

iii) depositing a third amount of metal on said second amount of metal. 
Please add new claims 22-24 as follows: 

—22. A method of forming a layer of aluminum-containing metal on a substrate, 
jcomprising: 

i) depositing a first amount of a metal comprising aluminum on a seed layer of the metal, 
said seed layer bing sufficient to cover a substrate surface comprising titanium, at a substrate 
□power sufficient to inhibit formation of a phase of TiAl 3 having a resistivity greater than that of 
%aid metal; and 

* ii) depositing a second amount of metal on said first amount of metal. 

23, The method of claim 22, wherein said first amount of said metal is deposited at a 
metal diffusion rate and a metal deposition rate sufficient to inhibit void formation in an opening 
having an aspect ratio of at least 2.0. 

24. A method of forming a layer of aluminum-containing metal on a substrate, 
comprising: 

i) depositing a first amount of a metal comprising aluminum on a seed layer of the metal, 
said seed layer being sufficient to cover a substrate surface, at a substrate power sufficient to 
inhibit formation of a phase containing said metal having a resistivity greater than that of said 
metal and at a metal diffusion rate and a metal deposition rate sufficient to inhibit void formation 



in an opening having an aspect ratio of ate least 2.0; and 

ii) depositing a second amount of said metal on said first amount of metal.™ 

SUPPORT FOR THE AMENDMENT 
Support for the amendment to claim 1 is found on page 4, lies 21-22; page 6, line 12 of 
the specification and in claim 4 as originally presented. Support for claim 22 is found in claims 
1 and 9 as originally presented and on page 4, lines 21-22 of the specification. Support for claim 
* 23 is found on page 6, line 12 of the specification and claim 4 as originally presented. Support 
3 for claim 24 is found in claims 1, 4 and 9 as originally presented and on page 6, line 12 of the 
5 specification. No new matter would be added to this application by entry of this amendment. 
Upon entry of this amendment claims 1 -24 will now be active in this application. 
The present application is a continuation application of U.S. Serial No. 08/970,107 filed 
Jon November 13, 1997, now allowed and is directed to a method of forming a layer of metal in 
%hich a second amount of metal is deposited on a seed layer under conditions sufficient to 
inhibit formation of filamentous metal phases having a resistivity greater than that of said metal 
as well as methods of forming a layer of aluminum-containing metal. 



Applicants submit that this application is now in conditions for examination on the merits 
and early notification of such action is earnestly solicited. 



Respectfully submitted, 

OBLON, SPIVAK, McCLELLAND, 
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TITLE OF THE INVENTION 

LOW TEMPERATURE METALLIZATION PROCESS 

BACKGROUND OF THE INVENTION 

Field of the Invention : 

This invention relates to metallization processes for use in making devices such as 
semiconductor devices, and to devices formed using those metallization processes. 

Background of the Invention : 

Formation of metallization layers is a fundamental process in the formation of 
semiconductor devices. In particular, a metal layer can be formed so as to fill openings in a 
dielectric layer, forming interconnects or vias or cover steps formed during fabrication of a 
semiconductor device. The formation of a metal layer over vias having a high aspect ratio (i.e., 
ratio of the depth of the via to the width or diameter of the via) or steps having a relatively large 
height can be difficult, exhibiting problems such as cusping and voiding, especially as device 
dimensions are reduced. 

In one method of forming a metal layer on a semiconductor wafer, the metal layer is 
formed using a two step process. In a first step, a relatively thick portion of the metal layer is 
deposited while the semiconductor wafer is held at a relatively cold temperature (i.e., preferably 
less than or equal to 200°C when the metal is Al). The thickness of this portion must be 
adequate, in view of relevant process parameters (e.g., the geometry being metallized and the 
metal being used), to ensure that adequate metal is present to avoid the formation of voids during 
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a metal reflow that occurs during the second step. For example, when the metal is an aluminum 
alloy, this thick portion preferably has a thickness equal to about 50% to 75% of the total 
thickness of the metal layer to be formed. Further, this portion is preferably deposited at a rate 
greater than about 150 A/sec. In the second step, the remainder of the metal is deposited while 
the semiconductor wafer is held at a relatively high temperature (e.g., when the metal is an 
aluminum alloy, about 400°C to about 500°C) which allows the deposited metal to reflow 
through grain growth, recrystallization and bulk diffusion. The rate of deposition of the 
aluminum in the second step is preferably slower than that of the first step, but is preferably 
greater than about 50 A/sec, and more preferably between about 100 A/sec. and about 200 A/sec. 
The deposition rate can be increased during the second step to increase the process throughput. 
However, this method does not effectively minimize the number of defects formed in the metal 
layer (such as result from cusping and/or voiding). 

In another method of forming a metal layer on a semiconductor wafer, the metal layer is 
formed using a two step process including a first, cold deposition step of a seed layer followed by 
a second, hot deposition step. However, in this method, a relatively thin portion of the metal 
layer (e.g., 25% of the overall thickness) is deposited as a seed layer while the semiconductor 
wafer is held at the cold temperature, while a relatively large portion of the metal layer (e.g., 75% 
of the overall thickness) is deposited while the semiconductor wafer is held at the hot 
temperature. When the metal is an aluminum alloy, the wafer can be held at a temperature of 
about 200°C for a period of about 10 seconds during the cold deposition step. During the hot 
deposition step, a heated gas (typically argon) is flowed against the backside of the wafer to heat 
the wafer and the deposited metal. The wafer can be heated to a temperature of about 375°C to 
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about 500°C. The wafer is typically held at that temperature for about 3-5 minutes. However, 
the heated gas flow is kept relatively low (e.g., less than about 15 seem and typically in the range 
between about 1 0 seem and about 1 5 seem) so that the pressure within the process chamber can 
be kept low (e.g., less than about 2 mtorr). Since the heated gas flow is kept relatively low, the 
wafer is not heated as fast as is desirable to minimize the number of defects formed (e.g., by 
cusping and/or voiding) in the metal layer. Efforts to increase the temperature of the heated gas 
have caused the steady state temperature of the wafer during the hot deposition step to increase, 
thus increasing the likelihood of damaging the wafer (in particular, existing metallization). 
Application of heated gas at multiple locations has caused the distribution of defects to be more 
evenly spread throughout the metal layer, however, it does not adequately reduce the overall 
number of defects. 

Xu et al. report in SPIE, vol. 2335, pp.70-79 processes for filling contacts, via's and 
trenches with a PVD or C VD barrier metal file and a PVD Al-Cu plug which is applicable for 
contacts or via's having sizes down to 0.25 \xm and aspect ratios up to 5. 

Xu et al. in Thin Solid Films 253 (1994) 367, 337 reports Al planarization processes by 
high temperature flow as well as a two step cold-hot sputtering, in which 0,25 |im contacts of a 
depth of 1 .2 jim were filled. 

Accordingly, there remains a need for a process of forming a metallization layer, which 
reliably forms a layer of good conductivity, is capable of filling high aspect ratio vias of small 
dimensions (e.g. ^ 0.40 \xm and especially <, 0.25 \im) and can be processed with a high 
throughput. 



SUMMARY OF THE INVENTION 

According to one embodiment of the present invention is a method of reliably forming a 
metallization layer having good conductivity. 

According to another embodiment of the present invention is a method of forming a 
metallization layer having good conductivity by three steps comprising: 

i) depositing a seed layer of metal on a first substrate surface, the seed layer being 
sufficient to cover the substrate surface; 

ii) depositing a second amount of metal on said seed layer at a substrate temperature and 
power providing a metal diffusion rate and a first metal deposition rate sufficient to inhibit void 
formation in a contact via having an aspect ratio of at least 1.0; and 

iii) depositing a third amount of metal on said second amount of metal. 

The invention enables a layer of metal to be formed on a substrate with few or no voids 
formed in the layer. According to the invention, a layer of metal can be formed on a substrate 
using 1) a cold deposition step to form a seed layer; 2) a slow hot deposition step sufficient to fill 
an opening; and 3) a rapid hot deposition step to obtain a desired thickness. The cold deposition 
step need only be performed for a time sufficient to deposit metal over the entire surface on 
which the metal layer is to be formed. In the slow hot deposition step, further metal may be 
deposited in the opening while the deposited metal undergoes surface diffusion. Under 
conditions of a high surface diffusion rate relative to the deposition rate, good filling of openings 
is obtained. Further, when deposition onto a liner/wetting layer of a second metal (e.g. Ti) ? 
under appropriate power and temperature conditions, formation of high resistance metal phases 
(relative to the metal being deposited. E.g. TiAl 3 ) can be inhibited, thus improving (i.e. lowering) 
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contact resistance of the deposited metal in the filled opening. After surface diffusion has been 
completed, the metal is deposited while undergoing bulk diffusion. After the opening is filed, 
the metal may be deposited at a rapid rate to meet thickness requirements. 

BRIEF DESCRIPTION OF THE DRAWINGS 
A more complete appreciation of the invention and many of the attendant advantages 
thereof will be readily obtained as the same become better understood by reference to the 
following detailed description when considered in connection with the accompanying drawings, 
wherein: 

Figure 1 illustrates a metallization layer formed according to an embodiment of the 
present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The present method is suitable for depositing a metal layer on a substrate and in particular 
for depositing a metal layer on a substrate of dielectric material having an opening therein to an 
underlying conductive region. Generally, an opening through a dielectric layer exposing a 
diffusion region or an opening through a dielectric layer between (a) a semiconductor substrate 
or a polysilicon layer and (b) the first metal layer is called a "contact opening", while an opening 
in other oxide layers such as an opening through an intermetal dielectric layer is referred to as a 
"via" or "via channel". As used herein, an "opening" will be understood to refer to any type of 
opening through any type of dielectric layer, regardless of the layer exposed or function of the 
opening. Furthermore, a "(semi)conductive layer" refers to a layer of either a conventional 
semiconductive material (that may be conventionally doped) or a conventional conductive 
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material. While the present method is not particulary limited, it is especially advantageous when 
filling a via or via channel to an underlying metal layer. 

An opening, according to the present invention is provided between conductive layers or 
regions of a semiconductor device, which are separated by an insulating material such as a 
dielectric material. Non-limiting examples of conductive layers or regions to which an opening 
may be formed include a source or a drain region of a silicon, germanium or GaAs substrate 
(which may be lightly, heavily or very heavily doped with conventional N-dopants [such as 
nitrogen, phosphorous, arsenic, antimony, bismuth, tellurium, sulfur, mixtures thereof etc.] or P- 
dopants [such as B, Al, Ga, In, mixtures thereof, etc.], the gate of a gate electrode, a second 
contact (which may be self-aligned), a metallization layer and a local interconnect. 

The aspect ratio (height/width or step height/step-step spacing) of the opening according 
to the present invention is preferably ^ 1 .0, more preferably ^ 2.0. Specific examples of aspect 
ratios include 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 3.0, 3.1, 3.2, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8, 3.9, 
4.0, 4.1, 4.2, 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, 5.0, 5.1, 5.2, 5.3, 5.4, 5.5 etc. 

The diameter of the hole formed for the opening is not particularly limited. However, the 
diameter of the opening is preferably from 0.1 to 0.5 (am, more preferably from 0.2 to 0.5 |um. 
Specific examples of the diameter of the hole of the opening are 0.10, 0.15, 0.18, 0.20, 0.22, 
0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.55 and 0.60 |im. 

Openings may be formed in dielectric layers by conventional methods known to those of 
ordinary skill in the art such as by photolithography and etching techniques. 

A non-limiting example of a method of forming an opening follows: 

A resist material may be deposited and/or patterned onto a dielectric and/or passivation 
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layer of a layered structure. The layered structure may comprise, from top to bottom, the 
dielectric and an underlying substrate. After deposition and/or patterning of resist material, the 
exposed regions may be etched to form the opening. Examples of resist materials may be those 
conventionally known to those of ordinary skill in the art, including those conventionally used in 
the area of photolithography. 

Negative resist materials may contain chemically inert polymer components such as 
rubber and/or photoreactive agents that react with light to form cross-links, e.g. with the rubber. 
When placed in an organic developer solvent, the unexposed and unpolymerized resist dissolves, 
leaving a polymeric pattern in the exposed regions. The preparation and deposition of negative 
resist materials is within the level of skill of one of ordinary skill in the art and can be performed 
without undue experimentation. Specific non-limiting examples of negative resist systems 
include cresol epoxy novolac-based negative resists, as well as negative resists containing one or 
more photoreactive polymers as described in Kirk-Othmer Encyclopedia of Chemical 
Technology, 3rd Edition, vol 17, entitled "Photoreactive Polymers", pages 680-708, the relevant 
portions of which are hereby incorporated by references. 

Positive resists have photoreactive components which are destroyed in the regions 
exposed to light. Typically the resist is removed in an aqueous alkaline solution, where the 
exposed region dissolves away. The preparation and deposition of positive resist materials is 
within the level of skill of one of ordinary skill in the art and can be performed without undue 
experimentation. Specific non-limiting examples of suitable positive resist systems include 
Shipley XP9402, JSR KRK-K2G and JSR KRF-L7 positive resists, as well as positive resists 
containing one or more photoreactive polymers as described in Kirk-Othmer Encyclopedia of 
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Chemical Technology, 3rd Edition, vol 17, entitled "Photoreactive Polymers", pages 680-708, 
the relevant portions of which are hereby incorporated by references. 

Examples of resist materials are also described by Bayer et al . IBM Tech. Disci. Bull 
(USA) Vol 22, No. 5 Oct 1979 pp 1855; label, U.S. 4,613,404; Tavlor et al . J. Vac. Sci, 
Technol. B. Vol. 13, No. 6, 1995 pp 3078-3081; Argitis et al . J. Vac. Sci, TechnoL B. Vol. 13, 
No. 6, 1995 pp 3030-3034; Itani et al . J. Vac. Sci, TechnoL B. Vol. 13, No. 6, 1995 pp 3026- 
3029; Ohfii ji et al J. Vac. Sci, Technol. B. Vol. 13, No. 6, 1995 pp 3022-3025; Trichkov et al . J. 
Vac. Sci, Technol. B. Vol. 13, No. 6, 1995 pp 2986-2993; Capodieci et aL J. Vac. Sci, TechnoL 
B. Vol. 13, No. 6, 1995 pp 2963-2967; Zuniga et aL J. Vac. Sci, TechnoL B. Vol. 13, No. 6, 1995 
pp 2957-2962; Xiao et al . J. Vac. Sci, TechnoL B. Vol. 13, No. 6, 1995 pp 2897-2903; Tanetal 
J. Vac. Sci, TechnoL B. Vol. 13, No. 6, 1995 pp 2539-2544; and Mavone et al J. Vac. Sci, 
TechnoL VoL 12, No. 6, 1995 pp 1382-1382. The relevant portions of the above-identified 
references which describe the preparation and deposition of resist materials is hereby 
incorporated by reference. Selection of a resist material for the particular etching conditions is 
within the level of skill of one of ordinary skill in the art and can be performed without undue 
experimentation. 

Etching of the exposed dielectric material, including stopping at the underlying substrate 
layer, may be conducted under conditions known to those of ordinary skill in the art, depending 
on the nature of the dielectric material to be etched and the nature of the underlying substrate. 
For example, the layered structure may include an etch stop layer (such as a titanium tungsten 
alloy (TiW), Si 3 N 43 copper, nickel, cobalt or a noble metal such as ruthenium, rhodium, 
palladium, osmium, iridium, platinum, gold or silver) positioned directly above the layer not to 



be etched, such as a metal, a dielectric layer, a substrate material or a selected portion thereof. 
Etchants such as SF 6 , Cl 2 , C n H x F y (where y ^ 1, and x + y = 2n + 2, preferably a mixture of 
CHF 3 /C 2 F 6 [see, for example, U.S. 08/683,407, and/or IIS, Patent 5,468,342, the relevant 
portions of which are hereby incorporated by reference]), HF, HC1 or CC1 4 may be used in 
conventional reactive ion etching. Etching may also be conducted by conventional RF etching. 
In a preferred embodiment, etching is conducted using a commercially available plasma etcher 
(e.g. from DRYTEK, Inc. of Wilmington, MA and Santa Clara, CA) and a CHF 3 /C 2 F 6 etch 
chemistry according to the manufacturer's instructions. 

Examples of dielectric materials include conventional oxides, nitrides, oxynitrides, and 
other dielectrics, such as borophosphosilicate glass (BPSG), borosilicate glass (BSG), 
phosphosilicate glass, spin-on glass (SOG), silicon oxide, P-doped silicon oxide (P-glass), silicon 
nitride (Si x N y ), silicon dioxide, a conventional oxide/nitride/oxide structure, silicon oxynitride 
(e.g. of the general formula [Si a O x N y ] such that (x/2) + (3y/4) = a), A1 2 0 3 , metal nitrides such as 
aluminum nitride [e.g. A1N], Si 3 N 4 , V 2 O s , tetraethylorthosilicate-based oxides and titanium 
oxide, aluminum oxynitrides (e.g. of the general formula [Al b O x N y ] such that (2x/3) + y = b), 
aluminosilicates and nitrides thereof (e.g. of the general formula [Si a Al b O x N y j where x = 2a + 
3b/2 and y = 4a/3 + b), boron- and/or phosphorous-doped silicates, aluminates and 
aluminosilicates. 

The thickness of dielectric layer is not particularly limited, but preferably is within the 
range of about 0.3 to 3.0 jim, more preferably 0.5 to 2.0 fim, even more preferably 0.7 to 1.5 \xm. 
The dielectric layer may comprise a single dielectric material, however, it may also comprise 
multiple layers of the same or different dielectric materials. 
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A sputter etch procedure may be performed to remove the corner surface of the dielectric 
material, providing rounded edges on the channel opening. By rounding the edges of the 
opening, a greater processing margin is obtained during the filling of the channel. Such a sputter 
etch process may be conducted by conventional methods known to those of ordinary skill in the 
art. 

After an opening has been etched in the dielectric material, a liner/wetting layer material 
may be deposited into the opening. The liner/wetting layer may promote adherence of the 
conductive material to the dielectric material as well as to the material of the conductive layer or 
region there below (e.g. a metal such as tungsten or Al or doped polysilicon). The liner/wetting 
layer may also act as a barrier between the metal and the underlying substrate. 

Non-limiting examples of suitable liner/wetting layer materials are titanium, zirconium, 
hafnium, chromium, molybdenum, tungsten, copper, nickel, cobalt or noble metals such as 
ruthenium, rhodium, palladium, osmium, iridium, platinum, gold and silver, alloys thereof such 
as titanium-tungsten and titanium nitride. Preferably the liner/wetting layer is titanium, a 
titanium-tungsten alloy or titanium nitride. 

The liner/wetting layer may be deposited by conventional methods known to those of 
ordinary skill in the art such as chemical or plasma vapor deposition, ionized metal plasma, 
sputtering, etc. — 

The thickness of the liner/wetting layer is typically 100 to 600 A thick, preferably about 
500 A thick. 

While the liner layer may be deposited in an amount sufficient to cover the entire exposed 
surface of the wafer, within the scope of the present invention it is preferably deposited in an 
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amount sufficient to cover the uppermost surface of the dielectric layer, on the side walls of the 
opening and the bottom of the opening. During the deposition of the liner/wetting layer, it is 
preferable that the deposition be conducted in a highly directional manner. Directional 
deposition may be conducted by conventional methods known to those of ordinary skill in the 
art, for example by collimated sputtering or by Ion Metal Plasma (IMP) methods. A collimation 

filter having cells with a 1 : 1 aspect ratio (height:diameter) or greater may be used in most cases. 

The conductive material to be deposited and fill the opening is not particularly limited 
and may be any conductive material, for example Al or Cu or alloys thereof. Non limiting 
examples include an Al 0.5% Cu alloy, an Al Si 0.5% Cu alloy, Al°, Al-Ge, Al-Si-Ge, Cu and 
Cu alloy. 

Deposition may be conducted using an otherwise conventional physical vapor deposition 
apparatus, such as a sputtering apparatus which are commercially available, such as an ENDURA 
sputtering system by Applied Materials of Santa Clara, California. 

The distance from the sputtering target material to the wafer surface is generally between 
1 and 2". 

The present method is practiced by a three step deposition method. For the purposes of 
illustration, the present method is described in the formation of a via formed in an opening. 
However, the present invention may also be used to deposit metal onto a substrate which does 
not have a via channel. 

In a first step, a seed layer of metal is deposited by a cold deposition process. During this 
step, a metal material is deposited at a power of 1,000 to 16,000 W, preferably 2,000 to 12,000 
W, more preferably 8,000 to 10,000 W. In one embodiment, the power during cold deposition is 
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about 9,000 W. 

The substrate temperature during the first cold deposition is not particularly limited. 
However, this temperature is generally greater than ambient temperature and is typically 40 to 
300°C, preferably 1 50 to 275°C, and even more preferably 1 80 to 220°C. In one embodiment, 
the temperature during cold deposition is about 200°C. 

The pressure in the deposition chamber for the first cold step is not particulary limited 
and generally ranges from 0.1 to 10 mtorr, preferably 0.5 to 6 mtorr, more preferably 1 to 3 
mtorr. In one embodiment, the pressure during cold deposition is about 2 mtorr. 

The rate of deposition is typically about 100 to 300 A/sec, preferably about 200 A/sec. 

The thickness of the first cold deposition layer is typically from 500 to 4,000 A, 
preferably about 2,000 A thick. 

The amount of time necessary to deposit the seed layer is generally sufficient to ensure 
that all parts of the surface and side walls are covered with the seed layer. Typically the seed 
layer is deposited over a time period of from 2 to 20 seconds, preferably 5 to 15 seconds, more 
preferably 8 to 12 seconds, even more preferably about 10 seconds. 

For example, when the substrate is a semiconductor wafer, typically the seed layer is 
deposited shortly after the wafer has been processed in some other manner, such as deposition of 
a liner/wetting layer of titanium or titanium-tungsten alloy, that causes the temperature of the 
wafer to be elevated. 

Further, the amount of metal forming the seed layer to be deposited in the cold deposition 
step is typically at least an amount sufficient to ensure coverage of the surface with the metal, so 
that good wetting is provided in the subsequent slow hot deposition step. Thus, in one 
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mbodiment of the invention, the step is performed for an amount of time sufficiently long to 
insure that the seed layer covers the substrate surface. The exact amount of time can vary 
iccording to a variety of process parameters, such as the metal being deposited, the type of 
jputtering gas and the geometry (e.g., via aspect ratio, step height) on which the metal is being 
ieposited. Illustratively, an amount of metal less than or equal to about 25% of the overall 
hickness of the metal layer to be formed can be deposited during the cold deposition step, 
illustratively, when aluminum is being deposited using argon as a sputtering gas, the cold 
deposition step can be performed for less than or equal to about 10 seconds at a rate of 100 to 
300 A/sec. 

In a second step, a slow hot deposition is performed under conditions which allow for 
surface diffusion of the metal. Such conditions include a low power and a high temperature 
relative to the cold deposition step. Typically, the conditions provide a metal deposition rate and 
a metal diffusion rate sufficient to inhibit void formation in a contact/via having an aspect ratio 
of 2.0 or greater (as defined above). In a further embodiment, in which the substrate has a 
second metal (e.g. a barrier or liner layer) on the surface of channel/via, the conditions of slow 
hot deposition may be sufficient to inhibit formation of metal phases having a resistivity higher 
than the first metal(e.g. the metal being deposited). 

In the slow hot deposition step, a DC power of from about 100 to about 800 W, 
preferably from about 200 W to about 400 W may be used. 

A substrate temperature of from 300 to 420°C, preferably about 320 to 400 °C, more 
preferably about 370°C may be used. In order to obtain a substrate temperature within the range 
of 300 to 390°C, one typically heats the apparatus to a chamber temperature of from 350 to 
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470°C, preferably about 370 to 450°C, to accommodate the typical difference between chamber 
temperature and wafer temperature. 

The pressure in the deposition chamber for the second step is not particulary limited. 
However, to maximize the rate at which the substrate temperature increases, the chamber 
pressure is generally > 4 mtorr and may range from 4 to 10 mtorr, preferably from about 4 to 8 
mtorr. In one example the pressure is 6 mtorr. 

The rate of deposition in the slow hot step is typically about 5 to 50 A/sec, preferably 
about 10 A/sec. 

In the slow hot step, surface diffusion time is prolonged so that a larger portion fo the 
process undergoes surface diffusion. Deposition is typically continued until a bulk diffusion 
process sets in. The thickness of the second deposition layer is typically from 400 to 8,000 A, 
preferably 800 to 6,000 A, more preferably 1,500 to 5,000 A, even more preferably about 2,000 
A. In one embodiment, the thickness of the second deposition layer is about 1,000 A thick. By 
slowly depositing the metal under hot deposition conditions, the metal is deposited under 
conditions in which surface diffusion is effective to fill openings having a diameter of £ 0.5 [am, 
preferably < 0.35 jam, more preferably ^0.25 \xm and an aspect ratio of ^ 2.0, preferably ^ 2.5, 
more preferably ^3.0, with the substantial absence of voids (e.g. a void rate of < 1 % per 100 
6penmg)r * ~ ™ 

During the second deposition step, heating may be conducted by conventional methods 
known to those of ordinary skill in the art, such as by radiant heat or conductive heating. For 
example heating may be conducted by backside gas flow of a hot gas such as Ar, past a heating 
coil. In one embodiment of the invention, the flow rate of the heating gas is greater than or 
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equal to about 1 5 seem. In a further embodiment, the flow rate of the heating gas is greater than 
or equal to about 20 seem. In a still further embodiment, the flow rate of the heating gas is 
greater than or equal to about 30 seem. In yet a further embodiment, the flow rate of the heating 
gas is greater than or equal to about 40 seem. 

Any appropriate gas can be used as the heating gas (e.g., any gas that doesn't react with 
the metal being deposited or other materials formed on or in the substrate), though the heating 
gas should be the same as other gas(es) used in the process chamber, e.g., the sputtering gas 
injected into the process chamber through gas jets. For example, any inert gas, such as helium, 
neon, argon and a mixture thereof can be used. Argon, in particular, is a typical gas used to 
sputter metal, and is well-suited for use with the invention. 

The second step of a slow hot deposition allows for surface diffusion of the metal being 
deposited and effective filling of an opening. Surface diffusion is typically faster than bulk 
diffusion or grain boundary diffusion and therefore allows for good flux of the metal into the 
opening. In addition, slow hot deposition allows lowering of the wafer temperature and hence, 
reduced formation of TiAl 3 . The formation of excessive amounts of TiAl 3 is undesirable as this 
contributes to increased resistance of the metallization layer. Resistivity of TiAl 3 is 10 times 
higher than Al. The resistivity of a metallization layer will be proportional to the amount of 
TiAl 3 formed at an interface between a Ti liner/wetting layer and a conductive material of Al. 
However, the amount of TiAl 3 will be proportional to the temperature of deposition of the 
conductive material. For example, at a wafer temperature of 430°C, a TiAl 3 layer of about 1 ,500 
A thick of was formed, the Al conductive material layer being 6,800 A thick. At a wafer 
temperature of 370°C, a TiAl 3 of about 300 A thick formed, the Al conductive material layer 
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>eing 7,8 00 A thick. Therefore, a lower wafer temperature allows for decreased formation of 
FiAl 3 , and therefore a metallization layer of high conductivity and low resistance. 

During the third rapid hot deposition step, the power and therefore the rate of deposition 
s increased to provide for rapid deposition of the metal sufficient to achieve the total thickness 
3f metal desired. The metal layer is deposited under conditions such that bulk diffusion occurs, 
generally the power during the third deposition step is about 2,000 to 16,000 W, preferably 
4,000 to 12,000 W, more preferably 8,000 to 10,000 W and the pressure is typically the same or 
less than that of the slow hot step (e.g. from 1 to 8 mtorr, preferably 2 to 6 mtorr, more preferably 
4 to 6 mtorr). Typically the substrate temperature is from 350 to 390°C. The third rapid hot 
deposition step is not important for filling of the opening, but rather is a way to increase 
throughput. 

The result of a metallization process according to the present invention is illustrated in 
Figure 1, where wherein 1 is a dielectric material, 2 is an opening in a dielectric material, 3 is a 
wetting layer such as Ti formed in an opening; 4 is a seed layer formed in said opening on the 
surface of the wetting layer, by a cold deposition technique; 5 is a conductive material layer 
formed on the surface of the seed layer, by a slow hot deposition technique; 6 is a conductive 
material layer formed on the surface of the conductive material layer 5 by a rapid hot deposition 
technique; 7 is a conductive region of a semiconductor device and 8 is an anti-reflective layer. 

After deposition of the conductive material, further processing may include a metal etch 
back or planarization step, preferably planarizing using conventional Chemical Mechanical 
Polishing (CMP). When a damascene structure is used, further processing may include 
deposition of an anti-reflective (ARC) layer providing for better patterning by photolithographic 
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techniques. 

The present method may be used to deposit any metal film on a substrate. However, the 
present invention is particularly useful for filling openings, and especially useful for filling 
openings having an aspect ratio of > 3 : 1 . 

Each of the three deposition steps are conducted under otherwise conventional operating 
conditions. For example, a substrate (e.g., a semiconductor wafer comprising Si) may be 
positioned within a process chamber. The process chamber is held at a vacuum pressure and a 
sputtering gas is injected into the process chamber through one or more gas jets. The gas is 
ionized and the ions are accelerated toward a sputtering target. Metal atoms in the target are 
dislodged from the sputtering target, and deposited on the upper surface of the substrate, thus 
forming a metal layer on the substrate. 

All of deposition steps can advantageously be performed in the same process chamber. 
However, the method can also be implemented so that more than one process chamber is used to 
implement the individual steps of the method. 

The three deposition steps of the methods described above are typically preceded and 
followed by a number of other steps. These other steps are typically performed in processing 
chambers other than that used to implement a method of the invention. 

- The invention can be used, for example, to form various types of metallization on a 
semiconductor substrate (e.g., a semiconductor wafer). For example, a metal layer formed on the 
dielectric layer may be electrically connected to a polysilicon gate formed on oxide by a metal 
contact that extends through a dielectric layer. Similarly, metal layer may be electrically 
connected to an electrically doped region of the silicon substrate by a metal contact that extends 
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through a dielectric layer. A second metal layer formed on the dielectric layer that overlies the 
first metal layer may be electrically connected to the first metal layer by a metal contact that 
extends through the dielectric layer. When aluminum is used for the first metal layer then a 
barrier layer preventing or inhibiting migration of silicon atoms into the aluminum may be 
necessary. Examples of such a barrier layer include titanium-tungsten alloy or titanium nitride. 
The barrier layer may have a layer (such as titanium) between it and the underlying structure that 
reduces contact resistance. 

The invention is broadly applicable to the formation of a metal layer on any type of 
substrate or device. For example, formation of a metal layer according to the invention can be 
accomplished on any type of semiconductor substrate, such as a semiconductor water. 
Illustratively, the invention can be used to form metal layers in active electronic components 
(e.g., integrated circuit chips, transistors and diodes) and passive electronic components (e.g., 
resistors, capacitors and inductors). The invention can also be used to form metal layers in other 
types of devices, such as lead frames, medical devices, flat panel displays and microelectronic 
masks. 

Having generally described this invention, a further understanding can be obtained by 
reference to certain specific examples which are provided herein for purposes of illustration only 
and are not intended to be limiting unless otherwise specified. 
Example 1 : 

Wafers are loaded into a sputter deposition apparatus and degassed to remove moisture. 
A sputter etch procedure is conducted to provide a rounded edge in a dielectric layer. Next, a 
wetting layer of Ti, 500 A thick, is deposited on the inside of opening by a collimated sputtering 
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technique. A seed layer of Al may be deposited on the wetting layer in the opening, 2,000 A thick 
by a cold deposition, at a power of 9,000 W at 250°C, for 10 seconds. After the seed layer has 
been formed, the opening via may be filled with Al by a slow hot deposition technique forming a 
layer of 3,000 A thick by deposition at a power of 200 W, and a wafer temperature of 370°C, for 
1 80 seconds. After the opening has been filled, a further thickness of Al is deposited, 3,000 A 
thick at a power of 9,000 W, a wafer temperature of about 370° for 15 seconds. To facilitate 
further processing by photolithography, an anti-reflective coating of TiW (10:90 by wt.; 1:1 
atomic ratio) 300 A may be deposited, followed by a cooling of the wafer for 30 seconds, using a 
standard cooling procedure.. 

Obviously, numerous modifications and variations of the present invention are possible in 
light of the above teachings. It is therefore to be understood that within the scope of the appended 
claims, the invention may be practiced otherwise than as specifically described herein. 
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WHAT IS CLAIMED AS NEW AND DESIRED TO BE SECURED BY LETTERS PATENT 
OF THE UNITED STATES IS : 

1 . A method of forming a layer of metal on a substrate, comprising: 

i) depositing a seed layer of the metal on a first substrate surface, said seed layer being 
sufficient to cover said first substrate surface; 

ii) depositing a second amount of metal on said seed layer at a substrate temperature and 
power, providing a metal diffusion rate and a second metal deposition rate sufficient to inhibit 
void formation in an opening having an aspect ratio of at least 1 .0; and 

iii) depositing a third amount of metal on said second amount of metal. 

2. The method of Claim 1, wherein said substrate further comprises an opening. 

3. The method of Claim 2, further comprising, before step i) forming a barrier/liner layer 
in said via channel. 

4. The method of Claim 3, wherein step ii) is conducted at a substrate temperature and 
power sufficient to inhibit formation of filamentous metal phases with said barrier/liner layer, 
having a resistivity greater than that of said metal. 

5. The method of Claim 1 , wherein said second amount of metal is deposited at a rate of 
about 5 to 30 A/sec. 

6. The method of Claim 1, wherein said second amount of metal is deposited at a 
pressure of 4 to 6 mtor. 

7. The method of Claim 1 , wherein said second amount of metal is deposited at a 
substrate temperature of 300 to 420°C. 

8. The method as in Claim 1, wherein said second amount of metal is deposited to form a 
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layer of 400 to 3,000 A thick. 

9. The method as in Claim 1, wherein said metal is aluminum. 

10. The method as in Claim 1, said seed layer is deposited at a power of 9,000 W. 

1 1 . The method of Claim 1, wherein said seed layer is deposited at a pressure of 1 to 3 

mtorr. 

12. The method of Claim 1, wherein said seed layer is deposited at a rate of lOQbto 300 

A/sec. 

13. The method of Claim 1, wherein said seed layer is deposited to form a layer of 500 to 
4,000 A. 

14. The method of Claim 1, wherein heating of said substrate in said second step is by 
backside gas flow. 

1 5. The method of Claim 14, wherein said gas is Ar, 

16. The method of Claim 2, wherein said opening has an aspect ratio of at least. 3:1 

(W/H). 

17. The method of Claim 2, wherein said second amount of metal deposited is sufficient 
to fill said opening. 

1 8. The method of Claim 2, further comprising forming a liner/wetting layer is deposited 
in said opening before step i). 

19. The method of Claim 1, wherein said second amount of metal is deposited at a power 

of 100 to 800 W. 

20. The method of Claim 2, wherein said opening has an aspect ratio of at least 2.5 

(W/H). 
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21 . A metallization layer formed by a process comprising: 

i) depositing a seed layer of a metal on a first substrate surface, said seed layer being 
sufficient to cover said first substrate surface; 

ii) depositing a second amount of metal on said seed layer at a substrate temperature and 
power, providing a metal diffusion rate and a second metal deposition rate sufficient to inhibit 
void formation in an opening having an aspect ratio of at least 1 .0; and 

iii) depositing a third amount of metal on said second amount of metal. 
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ABSTRACT OF THE DISCLOSURE 
The invention concerns a method of forming a layer of metal on a substrate and fill the 
via with high throughput, A layer of metal can be formed on a substrate using sequentially a 
cold deposition step, a slow hot deposition step and a rapid hot deposition step. The cold 
deposition step need only be performed for a time sufficient to deposit a seed layer of metal over 
the entire surface on which the metal layer is to be formed. In the slow hot deposition step, 
further metal is deposited at a low power allowing for surface diffusion of the deposited metal, 
which is then followed by a rapid hot deposition of metal under bulk diffusion conditions. 
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WE (I) the undersigned inventor(s), hereby declare(s) that: 

My residence, post office address and citizenship are as stated below next to my name, 

We (T) believe that we are (I am) the original, first, and joint (sole) inventor(s) of the subject matter which is 
claimed and for which a patent is sought on the invention entitled 

LOW TEMPERATURE METALLIZATION PROCESS 



the specification of which 

□ is attached hereto. 

EXXwas filed on NOVEMBER 13, 1997 ^ 

Attorney Docket No* 7575-0054-77 
Application Serial No. 

and amended on — , 

□ was filed as PCT international application 

Number 

on 

and was amended under PCT Article 19 

on (if applicable). 

We (I) hereby state that we (I) have reviewed and understand the contents of the above-identified 
specification, including the claims, as amended by any amendment referred to above. 

We (I) acknowledge the duty to disclose information known to be material to the patentability of this 
application as defined in Section 1.56 of Title 37 Code of Federal Regulations. 

We (I) hereby claim foreign priority benefits under 35 U.S.C § 119(a)-(d) or § 365(b) of any foreign 
application^) for patent or inventor's certificate, or § 365(a) of any PCT International application which 
designated at least one country other than the United States, listed below and have also identified below, by 
checking the box, any foreign application for patent or inventor's certificate, or PCT International application 
having a filing date before that of the application on which priority is claimed. Prior Foreign Application^) 

Priority 

Application No. Country Day/Month/Year Claimed 

□ Yes □ No 

□ Yes □ No 

□ Yes □ No 

- □ Yes □ No 
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We (I) hereby claim the benefit under Title 35, United States Code, § 1 19(e) of any United States provisional 
application® listed below. 



(Application Number) (Filing Date) 



(Application Number) (Filing Date) 

We (I) hereby claim the benefit under 35 U.S.C. § 120 of any United States application®, or § 365(c) of any 
PCT International application designating the United States, listed below and, insofar as the subject matter of 
each of the claims of this application is not disclosed in the prior United States or PCT International application 
in the manner provided by the first paragraph of 35 U.S.C. § 112, I acknowledge the duty to disclose 
information which is material to patentability as defined in 37 CFR § 1.56 which became available between the 
filing date of the prior application and the national or PCT International filing date of this application. 

Status (pending, patented, 
Application Serial No. Filing Date abandoned) 



And we Q) hereby appoint Norman F. Obion, Registration Number 24,618; Marvin J. Spivak, Registration- 
Number 24,913; C. Irvin McClelland, Registration Number 21,124; Gregory J. Maier, Registration Number 
25,599; Arthur I. Neustadt, Registration Number 24,854; Richard D. Kelly, Registration Number 27,757; 
James D, Hamilton, Registration Number 28,421; Eckhard H. Kuesters, Registration Number 28,870; Robert 
T. Pous, Registration Number 29,099; Charles L. Gholz, Registration Number 26,395; Vincent J. Sunderdick, 
Registration Number 29,004; William E. Beaumont, Registration Number 30,996; Steven B. Kelber, 
Registration Number 30,073; Robert F. Gnuse, Registration Number 27,295; Jean-Paul Lavalleye, Registration 
Number 31,451; Timothy R Schwartz, Registration Number 32,171; Stephen G. Baxter, Registration Number 
32,884; Martin M. Zoltick, Registration Number 35,745; Robert W. Hahl, Registration Number 33,893; 
Richard L. Treanor, Registration Number 36,379; Steven P. Weihrouch, Registration Number 32,829; John T. 
Goolkasian, Registration Number 26,142; Marc R. Labgold, Registration Number 34,651; William J. Healey, 
Registration Number 36,160; Richard L. Chinn, Registration Number 34,305; Steven E. Lipman, Registration 
Number 30,011; Carl E. Schlier, Registration Number 34,426; James J. Kulbaski, Registration Number 34,648; 
Catherine B. Richardson, Registration Number 39,007; Richard A. Ndfeld, Registration Number 35,299; J. Derek 
Mason, Registration Number 35,270; and Jacques M. Dulin, Registration Number 24,067; our (my) attorneys, 
with full powers of substitution and revocation, to prosecute this application and to transact all business in die 
Patent Office connected therewith; and we (I) hereby request that all correspondence regarding this application 
be sent to the firm of OBLON, SPIVAK, McCT.FJJ.AND, MAIER & NEUSTADT, P.C, whose Post Office 
Address is: Fourth Floor, 1755 Jefferson Davis Highway, Arlington, Virginia 22202. 

We Q) declare that all statements made herein of our (my) own knowledge are true and that all statements 
made on information and belief are believed to be true; and further that these statements were made with the 
knowledge that willful false statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Tide 18 of the United States Code and that such willful false statements may jeapordize 
the validity of the application or any patent issuing thereon, 

Ende SHAN Residence- 110 Sa PP hire Ct -» 



NAME OF FIRST SWfrfNVENTOR San Ramotlj California 94583 




Citizen of: United States 
Signature of Inventor ^ ^ Same as above. 



Date 
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Signature of Inventor 



Date 



Residence: 33981 Capulet Cir. 

Fremont, California 94555 



X 



Citizen of: United States 



Post Office Address: Same as above ■ 



Sam GEHA 



NAME OF THIRD JOINT INVENTOR 




Signature of Inventor 



Date 



Residence: 250 Santa Fe Terrace #301 
Sunnyvale, Califo rnia 94086 

Citizen of: Lebanon ^ 

Post Office Address: Same as ab ove • 
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Signature of Inventor 



Citizen of: . 
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Residence: 



Signature of Inventor 



Citizen of: . 



Post Office Address: 



Date 
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